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A B S T R A C T
The pyrolysis behaviour of beech wood, two rice husk variants from Brazil (BRH) and Thailand (TRH) and a solid
waste water treatment residue from textile manufacture (TIR) were investigated using a lab-scale, 2-stage fixed-
bed reactor at 773 K. Char yields increased and volatile yields decreased with increasing ash content. The TRH
released 40% less tar than the BRH which was attributed to the substantially higher potassium content of the
Thai species. The combustion reactivity of the TRH char in air at 773 K was similar to the BW char and almost
double the reactivity of the BRH and TIR chars. The BW and TRH chars had a greater volume of macropores
indicating that char combustion occurs predominantly through the growth and extension of the macroporous
pore network. A different trend was observed for the char gasification reactivity with CO2 at 1173 K. The Ca and
Mg content of the chars were found to have a more important catalytic role in the char gasification reactions
with CO2.
The effect of exposing volatile products from beech wood pyrolysis to elevated temperatures (973–1173 K)
and sand beds containing calcined limestone or dolomite in a simulated downdraft gasification environment was
also investigated. Tar yields decreased after exposure to elevated temperature and calcined limestone or dolo-
mite. Tar cracking favoured the production of CO. CO yields were between 22 and 23 wt% at 1173 K. Calcined
dolomite was slightly more effective at cracking tar than calcined limestone, eliminating 98 wt% of the tar at
1173 K.
1. Introduction
Biomass utilisation has received renewed interest over recent years
in response to growing concerns over volatile fossil fuel prices, energy
security, and climate change [1]. Biomass is widely considered to be a
renewable source of energy which is often available in large quantities
and at a low cost as a by-product of agriculture and forestry. Gasifica-
tion offers one of the most efficient and flexible methods for processing
biomass, providing a means to convert 60–90% of the energy content of
the biomass into a versatile syngas containing both useful (H2 + CO)
and problematic products such as tar [2].
Tar is operationally defined as any organic material in the product
stream that is condensable in the gasifier, downstream processing steps
or conversion devices [3]. Biomass tar typically includes long-chain
aliphatic hydrocarbons, single ring to 5-ring aromatic compounds along
with other oxygen-containing hydrocarbons and complex polycyclic-
aromatic hydrocarbons (PAHs) [4]. The presence of tar in syngas from
biomass gasification can lead to a number of downstream operational
issues; it is particularly problematic for advanced technologies such as
fuel cells that have very low tolerances of< 80 ppb tar contamination
[3].
Downdraft gasifiers are a class of fixed bed reactor that are parti-
cularly suited to applications of small scale, decentralised electricity
and heat production [2,5]. They are relatively simple and cheap to
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construct and easy to maintain and operate when compared with more
complex technologies such as those based on a fluidised bed concept.
Dowdraft gasifiers are also the most efficient gasifier concept for
eliminating tar species. Over the past few decades, hundreds to thou-
sands of small scale fixed-bed biomass gasifiers have been installed
throughout China and India ranging in capacity from a few kW to 10
and even 50 MW for the purpose of rural electrification, albeit with
limited success [6,7]. The primary obstacle limiting successful deploy-
ment of small-scale biomass gasification technology concerns the cost
and added process complexity associated with controlling tar emissions.
Hot gas conditioning via catalytic cracking is one of the most ef-
fective techniques for the removal of tars [4,8–10]. Tar cracking/re-
forming catalysts can be added directly to a gasifier as a bed material in
the case of a fluidised bed gasifier (primary catalyst); or to a secondary
reactor downstream of the gasifier for syngas upgrading and tar elim-
ination (secondary catalyst). Catalysts based on nickel and other noble
metals such as Rh, Pd, Pt and Ru have proven to be highly effective
[11–15]. However the expense and high toxicity typically associated
with these types of catalyst means that they are less feasible when
considering deployment of gasification technology for providing small-
scale, decentralised electrification and fuel production in rural, geo-
graphically isolated locations with access to large quantities of agri-
cultural or forestry waste such as rice and timber mills. An alternative
class of catalysts more suited to such applications are inexpensive
natural mineral based gas conditioning catalysts such as dolomite,
magnesite and olivine [16–23].
Calcined dolomites have been well studied as tar cracking catalysts
for biomass gasification applications [23–27]. Delgado and Aznar et al.
compared the catalytic tar cracking activity of calcite, magnesite and
dolomite in their calcined forms for downstream conditioning of syngas
produced from steam gasification of biomass [28]. Calcined dolomite
proved to be the most effective followed by MgO and CaO. Tar cracking
favoured the production of permeant gases (e.g. CO, H2 CO2 etc) with
tar cracking over calcined dolomite producing the highest gas yields. In
a later paper, Corrella et al. investigated the in-bed tar cracking cata-
lytic activity of calcined dolomite with both untreated olivine and oli-
vine treated with Ni [29]. The tar content of the gas exiting the gasifier
had 60% less tar when calcined dolomite was used as the in-bed ad-
ditive compared with tests using Ni treated olivine. However, the au-
thors note that calcined dolomite suffered from significant fragmenta-
tion and attrition resulting in the production of 4–6 times more fines
than when olivine was used as an in-bed additive. Similar behaviour has
been reported elsewhere [23,30,31]. Devi et al. studied the effects of
sand, untreated olivine and calcined dolomite in a secondary reactor
downstream of a biomass gasifier on the yields of GC-detectable tar
species [32]. The calcined dolomite reduced the total amount of heavy
polyaromatic hydrocarbons (PAHs) by 90% and the total amount of tar
in the syngas from 4 gm−3 to 1.5 gm−3.
The first part of this paper describes and discusses results from
simple biomass pyrolysis experiments conducted using a single-stage
fixed bed reactor. Used in this way, the reactor allows for high
throughput, preliminary investigations into the suitability of potential
biomass feedstocks for gasification processes. The results provide in-
formation pertaining to the influence of inherent biomass properties on
the thermochemical breakdown of a prospective biomass gasifier feed.
The second strand of this research made use of the reactor in its two-
stage configuration. The 2-stage reactor concept was designed for
studying tar cracking interactions in a simulated downdraft gasification
environment where the first reactor stage was operated as the pyrolysis
zone and the 2nd stage as the combustion and/or gasification zone
where tar cracking takes place [33]. The types of interaction that take
place in the 2nd stage depends on the temperature, presence of 2nd
stage packing material and gas composition added through the 2nd
stage gas inlet (which simulates the throat section of a dowdraft gasi-
fier).
Here we investigate the potential of calcined dolomite and
limestone as (primary) tar cracking catalysts for downdraft gasification
applications where the minerals could be added with the feed to reduce
tar emissions and eliminate the need for secondary downstream tar
removal. Calcined limestone is often discounted as a tar cracking cat-
alyst for in-bed use in fluidised bed gasification processes due to con-
cerns relating to particle sintering and agglomeration leading to more
rapid catalyst deactivation and/or de-fluidisation [34]. This behaviour
presents less of a problem when considering the use of CaO as a single
pass catalyst in a downdraft gasification process. Furthermore, calcined
limestone offers the benefit that it could be employed as a CO2 sorbent
for sorbent enhanced water-gas shift (SEWGS), sorbent enhanced re-
forming (SER) and carbon capture and storage (CCS) applications
[31,35,36]. The addition of lime has also been found to prevent the
formation of low melting point, alkali metal silicate eutectic salts that
can lead to slagging and bed agglomeration issues, which can be par-
ticularly problematic when handling biomass varieties containing large
amounts of ash [37].
2. Experimental
2.1. Reactor
A detailed description of the development and operation of the 2-
stage reactor used for this study and its use and limitations in the study
of tar production and cracking has been reported in a number of pre-
vious publications [33,38–44] and will be described only briefly here.
The version of the reactor employed in this work is the same as that
described by Kandiyoti et al. [33] and Dabai et al. [43] (Fig. 1).
The first stage of the reactor consisted of a stainless-steel tube
(12 mm ID, 2 mm wall thickness), 200 mm in length with a welded
flange connection at its base to allow for connection to the 2nd reactor
stage or tar trap. The 1st stage gas supply and thermocouple were in-
troduced through a twin-ferrule compression fitting connection at the
top of the stage. Before each experimental run, 1 g of biomass
(106–150 μm) was loaded into the 1st stage and supported in position
with a strip of stainless steel wire mesh.
The 2nd stage was constructed from an Incoloy 800 HT tube (12 mm
ID, 2 mm wall thickness), 150 mm in length with welded top and
bottom flanges. The top flange was specially designed to incorporate
three equally spaced, lateral gas inlets that enabled the gas velocity and
composition through the 2nd stage to be varied independently of the 1st
stage. The 2nd stage temperature was controlled via a thermocouple
inserted through a spigot welded to the outside of the reactor stage.
Fig. 1. Diagram of the 2-stage, fixed-bed reactor, reproduced from Monteiro Nunes et al.
[41].
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When investigating the effect of the different solids on the tar yield,
20 mm beds comprised of a 10 mm section of either 20 wt% limestone
or 20 wt% dolomite (355–425 μm) mixed with 80 wt% sand
(500–710 μm) positioned between two 5 mm sections of sand were
loaded into the 2nd stage prior to assembly. The beds were held in
position with a wire mesh plug.
The tar trap was a stainless-steel U-tube (12 mm ID, 2 mm wall
thickness) fitted with a stainless steel flange for connecting to the 1st or
2nd reactor stage. The tar trap was submerged in a liquid nitrogen bath
for the duration of the experiment to condense tar and other volatile
products for analysis. The exit of the trap was packed with wire mesh to
enhance the internal surface area of the tar trap ensuring efficient
trapping of the volatile products in the form of aerosol droplets.
The reactor was heated via four copper electrodes attached to the
outside of the reactor body at the top and bottom of the two stages. The
reactor body acted as a resistance heater. The top electrode was rigid
and doubled up as a mount for the reactor. The other three electrodes
were attached to the reactor with flexible woven copper cables to allow
for thermal expansion of the reactor body.
2.1.1. Materials
The biomass and waste samples investigated in this study were a
beech wood from Germany (BW), a rice husk originating from Brazil
(BRH), a rice husk originating from Thailand (TRH) and a dried solid
residue (sludge) obtained from waste water treatment at a textile
manufacturing facility in Brazil (Textile Industry Residue, TIR).
Biomass samples were ground in a high-shear cutting mill, sieved to a
size fraction of 106–150 μm and then dried in small batches in an air-
circulating oven at 308 K for 16 h to remove free moisture. Ultimate
and proximate analyses of the different biomass varieties investigated
in this study are provided in Table 1.
The limestone (Purbeck, UK) and dolomite (Steetley Dolomite Ltd)
samples were prepared by grinding in a hammer mill followed by
sieving to a size fraction of 355–425 μm. XRF analyses of the silica sand
(David Ball Sand, 500–710 μm), dolomite and limestone are presented
in Table 2. Different size fractions of sand and catalyst were used to
enable facile separation of the materials retrieved from the beds after
experiments for analysis.
2.2. Operating conditions
A standard set of conditions (summarised in Table 3) was used when
operating the reactor in either its single or 2-stage configuration. Bio-
mass samples loaded into the 1st stage were heated at a rate of 1 Ks−1
from ambient to 773 K where the reactor was held for 900 s to ensure
complete pyrolysis of the sample. An inert flow of helium with super-
ficial velocity of 0.1 m s−1 at 773 K was introduced at the top of the
reactor to sweep evolving volatiles from the sample bed downstream to
the 2nd stage or tar trap.
The operating conditions of the 2nd stage were varied depending on
the variable that was being tested. In all cases, the 2nd stage was heated
to the experimental temperature (973–1173 K) prior to starting the first
stage temperature program. Beds containing limestone and dolomite
were preheated to 1173 K for 300 s to ensure the dolomite and lime-
stone was fully calcined before cooling to the experimental tempera-
ture. The tar trap was not cooled during the preheating period to avoid
trapping any of the CO2 or H2O released as a result of moisture loss
and/or calcination of the 2nd stage bed materials. An additional flow of
He was added through gas inlets in the 2nd stage flange so that a
constant superficial flow of 0.25 m s−1 was maintained through the 2nd
stage for all the investigated temperatures.
Table 1
Proximate and ultimate analyses of the biomass samples used in this study.
Feed Ultimate Analysis daf Proximate Analysis
C Ha N Ob S Cl Ash Moisture Volatiles
Beech wood
(BW)















57.5 9.0 4.9 22.3 3.99 1.65 29.0 11.9 53.0
Values for the proximate analyses are calculated on the “as received” moisture.
daf dry, ash-free basis.
The analysis for beech wood and Thai rice husk was carried out by TES Bretby, UK.
The analysis for the Brazilian rice husk and textile sludge residue was carried out by
H.Jorge, Private Comm, 2010.
a Denotes that the value has been corrected for moisture content i.e. it does not include
the hydrogen in the moisture.
b The oxygen content was determined by difference.
Table 2
XRF Analysis of the Sand, Dolomite and Purbeck Limestone used in this study.
Constituent Sand [wt.%] Limestone [wt.%] Dolomite [wt.%]
CaO 0.20 93.15 65.25
SiO2 98.41 8.46 0.14
MgO 0.00 0.76 34.47
Fe2O3 0.10 0.55 0.04
Al2O3 1.09 0.47 0.08
P2O5 0.00 0.22 0.00
SO3 0.00 0.15 0.00
K2O 0.17 0.11 0.00
SrO 0.00 0.07 0.02
MnO 0.00 0.05 0.00
NiO 0.00 0.01 0.00
TiO2 0.03 0.00 0.00
Table 3
Summary of experimental operating parameters.
Operating Conditions 1st Stage 2nd stage





Fuel weight 1.000 g –
Fuel Particle Size 106–150 μm –
Bed type – Variable: No bed
20 mm Sand (500–710 μm)
20 mm Sand & Dolomite
(10–40 wt%)a
20 mm Sand & Limestone (20 wt
%)a
Heating Rate 1 K s−1 Preheated to experimental
temperature
Hold Temperature 773 K Variable- 973 K
1073 K
1173 K
Hold Time 900 s –
Pressure 2.2 bara 2.0 bara
Carrier Gas Helium Helium
Superficial Velocity 0.1 m s−1 0.25 m s−1
a Limestone and dolomite 355–425 μm.
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2.3. Product recovery
After each experiment, the reactor was dismantled, the beds were
removed and the reactor components washed with a 4:1 (v/v) solution
of chloroform and methanol (150 ml) to recover the tar. The washings
were filtered into a flask using a pre-weighed Whatman no. 1 filter
paper to collect any chars that were removed in the washing process.
The bulk of the solvent was removed on a rotary evaporator (BUCHI-
Rotavapor 3000) operated at 353 K and 40 rpm for 10 min. The tar was
then transferred to an aluminium beaker and placed in a recirculating
air oven at 308 K for 2 h (along with the chars that were removed from
the 1st stage after the washing step) to ensure complete solvent removal
from the samples. The recovered tar and char samples were then
weighed to determine their respective gravimetric yields. All tar and
char yields are presented on a dry, ash-free basis.
The concentration of CO (Servomax Xentra 420, 0–25 vol%) and
CH4 (ADC, 0–20 vol%) were measured in the reactor effluent after the
tar trap via online gas detectors. CO2 was also measured by online gas
detection (Servomax xentra 4200, 0–100 vol%) but condensed in the tar
trap during the experiments and so was measured after the experiments
were completed as the tar trap warmed up to room temperature.
Experiments were repeated at least three times. All graphically
presented data points are provided with an associated error range of a
single standard deviation on either side of the mean unless otherwise
stated.
2.4. Product characterisation
Size exclusion chromatography (SEC) was used to determine the
molecular size distribution of the tar samples. The SEC setup consisted
of a Mixed D column (300 mm long, 7.5 mm id) with a poly-
divinylbenzene packing (5 μm particle size) supplied by Polymer
Laboratories UK. Tar samples were dissolved in n-methyl pyrrolidone
(NMP) which was used as the mobile phase. A full description of the
SEC setup and operating procedure used in this work has been pre-
sented elsewhere [45].
Ultra-violet fluorescence (UV-F) analysis (Perkin-Elmer LS50 lumi-
nescence spectrometer) of the tar samples was performed to provide
information on the degree of conjugation and to an extent, the size of
tar components. Tar samples were dissolved in NMP and irradiated with
UV light (254–800 nm, 0.5 nm step size). Excitation and emission
wavelengths were changed simultaneously with a fixed 20 nm differ-
ence in wavelength corresponding to Stokes shift. Both the wavelengths
of light that a sample component absorbs and subsequently fluoresces
increase with degree of conjugation.
Elemental analysis of the tar and char samples to determine the
concentration of carbon, hydrogen, nitrogen, sulfur and oxygen (by
difference) was carried out using a Perkin Elmer 2400 at the University
of Sheffield. Trace elements analysis of the chars was carried out via
neutron activation analysis (NAA) at the Centre for Analytical Research
in the Environment, Silwood Park, Ascot [46].
Pore surface area (BET) and pore volume distribution (BJH) mea-
surements of the recovered chars and bed materials were determined by
N2 adsorption measurements (Micromeritics Tristar 3000 N2 sorption
analyser). Pore volume distribution in the macroporous range was
carried out via mercury porosimetry (Micromeritics IV 9500 series
analyser). Sample morphology was observed by scanning electron mi-
croscopy (SEM) (Hitachi S3400) with 20 kV of accelerating voltage
under high vacuum. The samples were coated with gold before SEM
examination. Images obtained by secondary electrons are presented
here.
Char reactivity measurements with air and CO2 were carried out
using a TGA (TA Q5000). Between 3 and 5 mg of char sample was
loaded onto a platinum pan and heated under a flow of N2
(25 ml min−1) to either 773 K or 1173 K for reactivity measurements
with air and CO2 respectively. The temperature was held at the set-
point temperature for 300 s before the gas purge was switched to either
air or CO2. The weight loss of the chars was observed until constant
weight was obtained. The normalised maximum reactivity (Rmax) was
obtained from the maximum rate of reaction (maximum rate of weight











Where W0 is the initial weight of the char (daf basis), and (dW/dt) is the
rate of weight loss, obtained from the first derivation of the weight loss
curve. The repeatability of the Rmax determination is± 9% of the value
quoted. Only single determinations have been reported as the repeat-
ability is usually high and well within± 5% of the measured reactivity
value.
The extent of coking of the bed materials recovered from the reactor
was also examined using TGA analysis. Samples were heated under a
flow of N2 (25 ml min−1) in stages up to 1123 K. The first stage in-
volved heating the sample to 383 K to remove free moisture, the sample
was then heated to 683 K to calcine any magnesium carbonate and
chemically bound moisture in the form of a hydrate that may have
formed. Calcination of calcium carbonate took place as the temperature
was increased further to 1123 K. The flow of N2 was then switched to
air to combust coke deposits on the surface of the materials.
3. Results and discussion
3.1. Single-stage pyrolysis results
3.1.1. The influence of biomass feedstock on the primary pyrolysis product
distribution
The product distributions for the pyrolysis of the different biomass
feedstocks (Fig. 2) demonstrated similar trends to those observed in the
proximate analysis (Table 1). Beech wood (BW) produced the largest
amount of volatiles (liquids and gases) whilst the textile industry re-
sidue (TIR) exhibited the reverse trend producing the largest amount of
char and least volatiles. Pyrolysis of the two rice husk species produced
similar amounts of char and volatiles to the beech wood, although the
Thai rice husk (TRH) produced approximately 40% less tars than the
Brazilian rice husk (BRH). BW pyrolysis yielded a similar amount of tar
Fig. 2. Distribution of the products generated during pyrolysis of four types of biomass
feed in the single stage reactor presented on a dry, ash-free basis. All errors were less than
0.5% of the mean. Gas Yields: CO2 = 3.9% 4.6% 4.2%, 3.3%; CO = 2.4%, 1.6%, 1.3%,
0.2%; CH4 = 0.3%, 0.2%, 0.1%, 0.2% for BW, BRH, TRH and TS respectively.
Experimental Parameters: 1st stage: Feed = Variable (1.000 g, 106–150 μm), carrier
gas = He, superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating
rate = 1 K s−1, hold temperature = 773 K, hold time = 900 s.
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to the BRH at 35.5 wt%. The tar yield in the case of the TIR pyrolysis
was lower at 24 wt% than the BW and BRH pyrolysis but higher than
the tar yield of the TRH pyrolysis at 21.9 wt%
The amount of char produced during pyrolysis increased with in-
creasing ash content as determined by proximate analysis (Table 1).
This is consistent with previous works that have concluded a high ash
content favours char-forming reactions [47,48]. Yields of the measured
combustible gases (CO and CH4) were relatively low in all cases ranging
from 0.3 wt% for TIR to 2.7 wt% for beech wood. CO2 yields were
slightly higher in the region of 3–5 wt%.
Between 35 and 45 wt% of the pyrolysis products could not be ac-
counted for. The unidentified products were likely to have included
compounds such as light tar species, light hydrocarbons, alcohols,
water and hydrogen that were either not efficiently trapped during the
experiment or lost during the product recovery procedure. Previous
biomass pyrolysis investigations with the 2-stage reactor reported water
yields of between 15 and 27 wt% of the total mass balance depending
on the temperature and gas superficial velocity in the empty 2nd re-
actor stage [43,44].
A comparison of the results presented in this paper with similar
pyrolysis studies reported in the literature referencing beech wood and
rice husk reveals reasonably high variability. Dabai et al. reported a
very similar product distribution for the pyrolysis of beech wood to
those reported here, albeit using the exact same reactor, beech wood
feedstock and very similar conditions [44]. Nik-Azar et al. also reported
similar tar and char yields of 30–35 wt% and 20 wt% respectively for
the pyrolysis of an untreated beech wood in a wire mesh reactor when
heated to 773 K (heating rates reported as ≤ 100 Ks−1) [49]. Faster
heating rates of 1000 Ks−1 (peak temperature ∼ 1373 K) were found to
produce higher tar yields of up to 50–55 wt% and lower char yields of
∼15 wt%. Westerhoff et al. reported much higher oil yields of between
60 and 65 wt% and lower char yields of 8–12 wt% for the fast pyrolysis
of milled beech wood pellets (similar particle sizes to those used here)
in a fluidised bed reactor at 773 K [50].
Somrang et al. investigated the pyrolysis behaviour of the exact
same beech wood and Thai rice husk samples in a wire mesh reactor
[51]. The char yield produced from the pyrolysis of the Thai rice husk
in the wire mesh reactor heated at 1 K s−1 to 773 K was slightly lower
at 21 wt% compared with 26.8 wt% produced from the fixed bed used
here. However, the tar yield was substantially larger, at around 39 wt%.
A higher tar yield and lower char yield was to be expected in the case of
the wire mesh reactor where the residence time within the reactor and
char bed is significantly lower than in the case of the fixed bed reactor
(i.e. less time for char forming/tar cracking reactions to take place)
[33]. It should also be noted that we report the tar yield on a dry, ash-
free basis whereas Somrang et al. reports the bio-oil yield on an ash-free
basis (i.e. including water) which further contributes to the large dis-
crepancy in tar/oil yields.
Tsai et al. reports tar and char yields of 39 wt% and 33–34 wt%
respectively for the pyrolysis of a Taiwanese rice husk (< 500 mm,
11–21 g inventory) in a fixed bed reactor heated to 773 K at 200 Kmin-1
(hold time of 8 min) [52]. Qian et al. reported char yields of ∼34 wt%
and oil yields of 27–36 wt% (depending on whether a fixed superficial
or volumetric flow rate was applied) for the pyrolysis of a Chinese rice
husk (0.15–0.45 mm, 4 g inventory) in a fixed bed reactor heated to
973 K at 15 K min−1 [53]. The char yields increased slightly to 39 wt%
whereas the oil yields decrease to ∼15 wt% when the pressure was
increased to 6 bara.
At this point it is important to stress that comparisons of the pyr-
olysis product distributions presented here and those from similar stu-
dies reported in the literature is complicated. As this paper demon-
strates, biomass of the same variety (rice husk in the case of this paper)
can display dramatically different pyrolysis product distributions due to
differences in the location from which they were sourced (i.e. differ-
ences in soils, climate, harvesting/processing protocols, strain etc.). The
type of reactor, temperature, pressure, particle size, pre-treatment
protocols, moisture content, product recovery protocols etc. also make
comparisons between different studies difficult. The intention of the
first part of this paper was to use simple, high throughput pyrolysis
experiments to investigate the thermochemical breakdown behaviour
of different biomass feedstocks and determine the influence of inherent
biomass properties on the distribution and characteristics of the pyr-
olysis products (see section 3.2 for a more detailed discussion). Ulti-
mately this type of study could be applied to provide a preliminary
assessment of the suitability of different biomass feedstocks for use in
biomass gasification applications. Further, more rigorous testing of
promising biomass feedstocks in systems that better approximate a
biomass gasifier would be necessary to fully establish the gasification
behaviour and determine the optimal gasifier design and operating
conditions.
3.1.2. Tar analysis
Each of the SEC chromatograms had two peaks separated by a re-
gion of low absorption intensity revealing that the tar samples had a
bimodal molecular size distribution (Fig. 3). The first (excluded) peaks
correspond to the elution of high molecular mass tar constituents that
were excluded from the porosity of the column.
The second (retained) peaks in the SEC chromatograms correspond
to the elution of lower molecular mass tar constituents which were
retained and could therefore be fully resolved by the column. The
molecular mass corresponding to the maximum peak intensities were
estimated and are provided in Fig. 3.
The most notable difference in the SEC chromatograms is in the
elution time of the lighter fraction (retained peak) of the TIR tars. The
maximum intensity appeared almost 1 minute after the equivalent
peaks in the chromatograms of the other tar samples indicating that the
lighter fraction of the TIR tar had a lower average molecular mass
compared with the tar produced from pyrolysis of the more conven-
tional biomass varieties.
There were also differences in the SEC chromatograms of the pyr-
olysis tar of the two rice husk species. The TRH tar had a slightly larger
proportion of the heavier tar fraction relative to the lighter fraction
Fig. 3. SEC analyses of the tars recovered after pyrolysis of the four
types of biomass feed in the single stage reactor. Experimental
Parameters: 1st stage: Feed = Variable (1.000 g, 106–150 μm),
carrier gas = He, superficial velocity = 0.1 m s−1, inlet pres-
sure = 2.2 bara, heating rate = 1 K s−1, hold
temperature = 773 K, hold time = 900 s.
BW; BRH; TRH; TIR.
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compared with the Brazilian variant. The maximum peak intensity of
the retained peak in the chromatogram of the TRH tar also appeared at
a slightly shorter elution time than the equivalent peak in the chro-
matogram of BRH tar indicating that the lighter fraction of the TRH tar
had a higher average molecular mass of 430 u compared with 370 u in
the case of the BRH tar.
The UVF spectra of the three biomass tar samples consisted of a
broad emission spectrum between ∼270 and 450 nm with two maxima
at ∼320 nm and ∼350–360 nm (the small peaks in each of the spectra
at ∼290 nm was caused by fluorescence emissions from the solvent-
NMP). The presence of the two, relatively well defined peaks indicates
that the lighter tar fraction of the biomass tar (as characterised by SEC)
broadly consisted of two molecular groups that differed by extent of
conjugation. (UVF is only able to detect compounds with molecular
masses < 3000 u and so does not provide any information on the tar
species characterised by the excluded peaks in SEC spectrums.)
There were notable differences between the UVF spectra of the tars
derived from the two rice husk species (Fig. 4). The first peak in the
spectra of the BRH tar at ∼320 nm was far more intense than the
second peak at the higher wavelength of ∼355 nm whereas the two
peaks in the spectra of the tar derived from the Thai variant were of
equal intensity. These observations indicate that there was a larger
proportion of the less conjugated tar species in the BRH tars relative to
the more conjugated tar species; whereas the tar derived from the Thai
variant contained similar quantities of the two conjugated molecular
groups.
The spectra of the pyrolysis tar derived from the TIR was distinctly
different from the spectra of the three biomass derived tars- it was
broader and consisted of a large central peak at around 340 nm flanked
by two less intense peaks at 310 nm and 390 nm.
Elemental analysis of the different pyrolysis tars (Table 4) revealed
that in all cases, the tars had slightly higher carbon contents and
slightly lower oxygen contents than their parent biomass. The compo-
sitional trends in the carbon and oxygen contents of the different pyr-
olysis tars were the same as those observed for the different parent
biomass feedstocks. The BW and BRH tars had similar carbon and
oxygen contents of around 55 wt% and 40 wt% respectively whereas
the TRH and TIR tars had slightly higher carbon contents of around
60 wt% and lower oxygen contents of 33 wt% and 22 wt% respectively.
The higher carbon content and significantly lower yield of the TRH tar
relative to the BRH tar is indicative of a greater extent of tar cracking in
the case of the TRH tars [54].
3.1.3. Char analysis
Trends in the elemental analysis of the chars were different to those
observed for the tars (Table 5). The BW char had the highest carbon
content and lowest oxygen content at 80.3 wt% and 16.6 wt% respec-
tively. The carbon contents of the rice husk derived chars were slightly
lower at 72–75 wt%. The TIR char had the lowest carbon content and
highest oxygen content at 61.9 wt% and 28.7 wt% respectively. Inter-
estingly, the carbon content of the TIR char was similar to that of the tar
but contained a larger proportion of oxygen compared with its re-
spective tar which contained more hydrogen and nitrogen.
In addition to ultimate analysis, the concentrations of certain trace
elements in the chars were determined via nuclear activation analysis
(NAA) (Fig. 5). Determining the concentration of the alkali and alkaline
earth metals such as K, Na, Ca and Mg is particularly important given
their known catalytic activity during pyrolysis, char gasification and tar
cracking interactions [55–59]. The TIR char was found to contain the
largest concentrations of sodium, calcium and magnesium, however the
TRH char contained the largest amount of potassium. The TRH char
also contained more of all the alkaline and alkaline earth metals mea-
sured in this study (Na, K, Ca and Mg) than the BRH char, which in the
case of potassium was over double the amount detected in the BRH
char. The BW char also contained reasonably high concentrations of the
alkali and alkaline earth metals particularly Ca of which it contained
around 3–4 times more than the rice husk chars. The BW char contained
less magnesium than the other chars but a similar amount of potassium
to the BRH and TIR chars.
Surface area and pore size distribution analysis of the char particles
Fig. 4. UVF analyses of the tars recovered after pyrolysis of the four
types of biomass feed in the single stage reactor. Experimental
Parameters: 1st stage: Feed = Variable (1.000 g, 106–150 μm),
carrier gas = He, superficial velocity = 0.1 m s−1, inlet pres-
sure = 2.2 bara, heating rate = 1 K s−1, hold
temperature = 773 K, hold time = 900 s.
BW; BRH; TRH; TIR.
Table 4
Summary of the elemental analysis results for the tars produced from the pyrolysis of the
different biomass feedstocks in the single stage reactor.
Experimental Parameters: 1st stage: Feed=Variable (1.000 g, 106–150 μm), carrier
gas = He, superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating
rate = 1 K s−1, hold temperature = 773 K, hold time = 900 s.
Tars Ultimate Analysis (wt.%) daf Atomic Ratio
C H N Oa O/C H/C N/C
Beech wood (BW) 55.4 6.4 0.1 38.1 0.5 1.4 0.00
Brazilian rice husk
(BRH)
53.1 5.9 0.9 40.0 0.6 1.3 0.01
Thai rice husk (TRH) 59.0 6.7 1.3 33.0 0.4 1.4 0.02
Textile industry residue
(TIR)
61.5 8.7 8.1 21.8 0.3 1.7 0.11
a The oxygen content was determined by difference.
Table 5
Summary of the elemental analysis results for the tars produced from the pyrolysis of the
different biomass feedstocks in the single stage reactor. Experimental Parameters: 1st
stage: Feed = Variable (1.000 g, 106–150 μm), carrier gas = He, superficial velo-
city = 0.1 m s−1, inlet pressure = 2.2 bara, heating rate = 1 K s−1, hold
temperature = 773 K, hold time = 900 s.
Char Ultimate Analysis (wt.%) daf Atomic Ratio
C H N Oa O/C H/C N/C
Beech wood (BW) 80.3 2.7 0.3 16.6 0.2 0.4 0.0
Brazilian rice husk
(BRH)
74.6 3.1 1.4 20.9 0.2 0.5 0.0
Thai rice husk (TRH) 72.3 3.0 1.0 23.7 0.2 0.5 0.0
Textile industry residue
(TIR)
61.9 5.1 4.3 28.7 0.3 1.0 0.1
a The oxygen content was determined by difference.
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via BET/BJH N2-adsorption analysis revealed that the TIR char had the
highest surface area at 41 m2 g−1 (Table 6) and largest concentration of
pores in the meso-porous region (2–50 nm) (Fig. 6a). The cumulative
volume of pores of the TIR char as measured by BJH analysis was al-
most two orders of magnitude larger than the chars produced from the
other biomass feedstocks at 0.11 cm3 g−1. The BW char had the
smallest surface area and least volume of mesopores. There were also
some differences between the two rice husk species with the BRH char
exhibiting almost double the surface area and volume of mesopores
compared with the TRH char.
Analysis of the macroporosity via mercury porosimetry revealed
that the TIR char had the least macro-porosity at 0.07 cm3 g-1 compared
with ∼0.40–0.43 cm3 g-1 for the other chars (Fig. 6b, Table 6). The
























Fig. 5. The amounts of certain important in-
organic elements present in the chars produced
during pyrolysis of the different biomass feed-
stocks in the single-stage hot-rod reactor de-
termined via nuclear activation analysis.
Experimental parameters. 1st stage:
Feed = Variable (1.000 g, 106–150 μm), carrier
gas = He, superficial velocity = 0.1 m s−1,
inlet pressure = 2.2 bara, heating rate = 1 K
s−1, hold temperature = 773 K, hold
time = 900 s.
BW; BRH; TRH and TIR.
Table 6
Summary of BET/BJH N2-adsorption and Hg-porosimetry results for the chars obtained after pyrolysis of the different biomass feedstocks in the single-stage, hot-rod reactor.
Experimental Parameters: 1st stage: Feed=Variable (1.000 g, 106–150 μm), carrier gas=He, superficial velocity = 0.1 m s−1, inlet pressure= 2.2 bara, heating rate= 1 K s−1,
hold temperature = 773 K, hold time = 900 s.
Char BW BRH TRH TIR
Surface Area [m2g−1] 1.2 12.3 6.9 41.3
Average mesopore diameter, dmesp (2–50 nm) [nm]a 9 5 7 10
Average macropore diameter, dmacp (50–105 nm) [nm]a 1490 130 250 10
Cumulative vol. of mesopores (2–50 nm) [cm2 g−1] 6.3 × 10−3 2.7 × 10−2 1.7 × 10−2 0.106
Cumulative vol. of macropores (50–105 nm) [cm2 g−1 ] 0.433 0.401 0.427 6.8 × 10−2
Where Vp is the volume of pores determined via BJH for mesopores or MIP for macropores and A is the BET surface area.
a Average pore diameters were calculated using the Gurwitch rule i.e. dmesp (or dmacp) = 4Vp/A
Fig. 6. Pore size distributions for (a) the pore size
range 1.7–300 nm as determined via BJH N2
adsorption analysis and (b) the pore size range
5–10000 nm as determined via mercury por-
osimetry for the chars obtained after pyrolysis of
the different biomass feedstocks in the single-
stage, hot-rod reactor. Experimental
Parameters: 1st stage: Feed = Variable
(1.000 g, 106–150 μm), carrier gas = He, su-
perficial velocity = 0.1 m s−1, inlet pres-
sure = 2.2 bara, heating rate = 1 K s−1, hold
temperature = 773 K, hold
time = 900 s. BW; BRH;
TRH and TIR.
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substantially. The BW char was found to have the largest average pore
size at 1490 nm. The average pore sizes of the rice husks were an order
of magnitude smaller than the BW at 130 nm and 250 nm for the BRH
and TRH chars respectively. The TIR char had the smallest average pore
size which was an order of magnitude smaller again at 10 nm. A trend
can be observed between the initial ash content of the parent biomass
and the surface area, volume of mesopores and average pore size in
both the meso- and macro-porosity regions of the char with the higher
ash content appearing to favour smaller pores and a higher surface area.
A comparison of the surface structures and morphologies of the
different char particles via SEM analysis revealed that the BW char
particles had the most fibrous structure and largest pores whilst the TIR
chars have the smallest pores (Fig. 7a,d). The two rice husk chars ap-
peared to have slightly smaller pores (Fig. 7b and c) than the BW char.
These observations were consistent with the trends in macroporosity
determined via mercury-porosimetry. The surface of the rice husk and
TIR chars also appeared to be coated with a lot more ash (lighter-co-
loured areas in Fig. 7a–d) compared with the BW char particles which
in the case of the rice husk chars appeared to have formed some sort of
molten phase.
Thermogravimetric analysis of the chars was used to determine
their relative reactivities in air at 773 K and CO2 at 1173 K. The BW and
TRH chars exhibited the highest peak reactivities in air at 773 K ex-
hibiting a maximum normalised reactivity of 0.012 g g−1s−1; and ob-
served similar reactivity profiles (Fig. 8). In both cases, the combustion
reaction rate increases reaching maxima at conversion values of 0.37
and 0.12 for the BW char and TRH char respectively.
The peak normalised reactivities of the BRH and the TIR chars were
lower than those observed for the BW and TRH chars at 0.007 g g−1s−1.
These chars also exhibited similar combustion reactivity profiles (albeit
different profiles to the BW and TIR chars) reaching maximum re-
activities at conversions of< 0.02 followed by a steady monotonous
decline with increasing conversion.
The reactivity profiles of the chars reacting with CO2 at 1173 K were
quite different to those observed for the air reactivity experiments at
773 K (Fig. 9). In the case of the BW and rice husk chars, the reactivity
profiles show an initial surge in reactivity coinciding with the entry of
the reactive gas, a reactivity which rapidly declines to a much lower
stable value. The BW char transitioned to the post surge stable
reactivity at a conversion of 0.27 and achieved complete char gasifi-
cation conversion within 10 min. The BRH and TRH char gasification
transitioned at a much lower conversion of around 0.05 and due to the
much slower post-surge gasification reactivities required much longer
time periods of 140 min and 70 min for the BRH and TRH respectively
to achieve complete conversion. The reactivity profile for the TIR char
was different to those observed by the other chars in that the initial
surge persisted for close to the entire conversion range, transitioning to
the post-surge reactivity behaviour at a conversion of ∼0.89 achieving
complete conversion after ∼2 min.
As indicated above, the TIR char exhibited the highest initial peak
reactivity of 0.060 g g−1s−1 with the BW char displaying the second
highest reactivity of 0.024 g g−1s−1. The BRH and TRH chars were
significantly less reactive with peak normalised reactivities of
0.005 g g−1s−1. The stable residual reactivities measured at a conver-
sion of 0.5 (or 0.9 for the TIR char) were between 14 and 17 times
lower than the maximum reactivities measured during the initial surge
Fig. 7. SEM images of the chars produced during the pyrolysis of
the different feeds in the single stage reactor. (a) BW chars, (b) BRH
chars, (c) TRH char, (d) TIR char. Experimental Parameters: 1st
stage: Feed = Variable (1.000 g, 106–150 μm), carrier gas = He,
superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara,
heating rate = 1 K s−1, hold temperature = 773 K, hold
time = 900 s.
Fig. 8. Normalised combustion reactivities of the four different chars with air at 773 K as
a function of conversion.
BW; BRH; TRH; TIR.
M.E. Boot-Handford et al. Biomass and Bioenergy 108 (2018) 398–414
405
for the BW, TRH and TIR chars and 35 times lower in the case of the
BRH char. The trend in residual char gasification reactivities with CO2
at 1173 K was: TIR char > BW char > TRH char > BRH char.
3.2. Discussion of single stage primary pyrolysis results
Pyrolytic decomposition of biomass and other carbonaceous mate-
rials is a complex process involving a multitude of different reactions.
The resultant distribution and nature of the pyrolysis products depends
on a range of different process parameters and fuel properties. In this
work, the four different biomass varieties were prepared and tested in
the same way such that any differences in the observed pyrolysis pro-
duct distributions were a result of inherent differences in the properties
of the parent biomass feeds. The O/C ratio of the parent biomass, lig-
nocellulosic composition, ash content and phase composition, pore
structure and surface area development during pyrolysis have all been
reported to affect the pyrolysis behaviour of a particular biomass fuel
[44,47,48,60–63].
The most striking differences in the pyrolysis product distributions
is between the two rice husks species with the Brazilian variant re-
leasing ∼40 wt% more tar than the Thai rice husk. Whilst there were
small differences in the elemental compositions of the parent biomasses
as well as small differences in the surface areas and morphologies of the
resultant chars; the most likely cause for the differences in the tar and
gas yields between the TRH and BRH pyrolysis experiments was the
difference in potassium concentration. The potassium concentration of
the TRH was more than double the concentration of the other biomass
varieties all of which contained similar quantities.
Pyrolysis of biomass varieties containing large amounts of ash are
typically found to produce less tar and more char due to the catalytic
effect and higher surface area provided by the inorganic ash con-
stituents on which secondary tar condensation/char forming reactions
can take place [63,64]. An exception to this rule is when the ash con-
tains high concentrations of potassium, which has been found to act as a
strong gasification catalyst during pyrolysis promoting reactions be-
tween the evolving tars with other primary pyrolysis products such as
CO2 and H2O [55,65]. These interactions have the effect of reducing
liquid formation (and in some cases char formation) in favour of gas
formation as was observed here [55]. Similar results were reported by
Morgan et al. who found that bio-oil yields from the fast pyrolysis of
semi tropical biomass in a fluidised bed were improved when the bio-
mass was pre-treated or washed in cold water to remove some of the
easily removable alkali and alkaline earth metal salts in the sample
[66,67]. Nik-Azar et al. also reported lower tar yields and higher gas
yields from the pyrolysis of beechwood impregnated with pottassium
[49]. In both cases, char yields appeared to be insensitive to the pre-
treatment procedure demonstrating similar pyrolysis behaviour to the
rice husk species studied here where the mineral content variation was
natural.
The SEC results show that the TRH tars contained a larger propor-
tion of the heavier tar fraction (characterised by the excluded peak in
the SEC chromatogram) compared with the BRH tars. The peak corre-
sponding to the lighter tar fraction also eluted at a shorter time which
was most likely due to the larger proportion of a more conjugated group
of tar compounds present in the TRH tars as indicated by UVF analysis.
These findings suggest that the enhanced tar cracking afforded by the
higher concentration of potassium in the TRH, favoured the cracking/
gasification of the lighter, less conjugated tar fractions.
The pyrolysis behaviour of the TIR adhered far better with the trend
typically observed for biomass containing large quantities of ash in that
it produced more char and less tar whilst the amount of gas/uni-
dentified products yield was similar to the BW and BRH.
The nature of the TIR tar (as characterised by SEC and UVF) was
quite different to the tars derived from the other biomass feeds tested in
this study. SEC indicated that the TIR tar contained a larger proportion
of the lighter tar fraction (resolved peak in the SEC chromatogram)
which also had a lower average molecular mass than the other tar
samples. The UVF spectra of the pyrolysis tar derived from the TIR was
also different-the spectra was broader and was comprised of three peaks
compared to two.
One possible cause of the differences in the nature of the TIR tars
can be deduced from the morphology of the resultant char. The N2-
adsorption and Hg-porosimetry analysis revealed that the TIR char had
the highest surface area and a predominantly mesoporous pore struc-
ture compared with the other biomass derived chars which were largely
macroporous in nature. These combined properties infer that the re-
sidence time of the volatiles within the char matrix and contact be-
tween the volatiles and the char pore wall would have been greater
than for the other biomass varieties. A greater residence time of the
volatiles in the char in addition to the high concentration of inorganic
matter would have caused enhanced secondary tar polymerisation and
char forming reactions. This is particularly true for the larger primary
tar compounds which are likely to have been hindered from exiting the
char by the small pores resulting in the evolution of smaller, lower
molecular weight tar compounds.
It should also be noted that the differences observed in the product
distribution and nature of the tars and char could be due to composi-
tional differences (compared with the more conventional lig-
nocellulosic biomass varieties tested here) and related differences in the
thermo-chemical breakdown pathways. Unfortunately, it is not possible
to expand further on the potential differences in the thermo-chemical
breakdown pathways without more in depth compositional information
of the different feeds which was not available at the time of this study.
The product distributions of BW and BRH pyrolysis and nature of
the tars as determined by SEC and UVF analysis were very similar de-
spite the differences in the O/C ratios, ash content (particularly the
inert ash component content), surface area and porosity of the resultant
char. This indicates that these factors have less influence on the pyr-
olysis behaviour compared with the concentration of certain catalyti-
cally active ash constituents.
Determining the reactivity of the pyrolysis char is particularly im-
portant when designing a gasification process for a particular fuel. The
BW and TRH chars demonstrated the highest normalised reactivities in
the combustion tests of 0.012 g g−1s−1 while the reactivities of the BRH
and TIR were lower at 0.007 g g−1s−1. There were also similarities in
the reactivity profiles as a function of conversion between the more
reactive BW and TRH chars and the less reactive BRH and TIR chars
(Fig. 8). The combustion reactivity profile of the BW and TRH chars





















Fig. 9. Normalised CO2 gasification reactivities of the four different chars at 1123 K as a
function of conversion.
BW; BRH; TRH; TIR.
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intermediate conversions of 0.37 and 0.12 respectively; whereas the
profiles of the less reactive BRH and TIR chars observed monotonously
decreasing reactivity profile as a function of conversion with the
maximum reactivities attained at conversions of< 0.02. The type of
reactivity profile observed by the more reactive BW and TRH chars is
indicative of a reaction that involves the unblocking of dead pores
caused by tar deposition and decomposition and the widening of
smaller pores that exposes a larger active surface area to the oxygen
during the early stages [57]. The reactivity profile of the less reactive
chars on the otherhand, indicate that the amount of reactive surface
area decreased with increasing conversion.
The more reactive BW and TRH chars in the combustion tests also
exhibited the smallest BET surface areas and largest average pore sizes
in the macroporous region. These observations are in agreement with
some previous studies investigating coal and biomass char oxidation
reactivity where char oxidation was found to occur predominantly
through the growth and extension of the meso- and macroporous net-
work with the microporous region remaining relatively unaffected
[57,68–70]. In addition to offering improved mass transfer properties
by aiding the transport of the reactant and product gases through the
char matrix, it is also believed that the surfaces of macropores contain a
higher concentration of active sites compared with micropores [68].
This can be rationalised by considering where the different porosity
regions occur within the char structure. Micropores are believed to
occur predominantly in between highly conjugated, graphene-like
crystallite sheets of the char matrix whereas large meso- and macro-
pores are formed at the boundaries of inorganic ash structures and
around defects and edges in the graphitic crystallites where most of the
oxygen containing functional groups tend to be located [68,71,72].
The propensity of a char to form larger meso- and macro-pores
during pyrolysis and oxidation may go some way to explaining the
different reactivities; particularly in the case of the BW char which had
a considerably larger average pore size (in the macroporous region) and
appeared to have the most open structure (Fig. 7). This theory is also
likely to explain the lower reactivity of the TIR char which exhibited
the opposite morphological traits to the BW char. However the differ-
ences in the average pore size and pore size distributions of the rice
husk chars is less pronounced. It is therefore more likely that the higher
concentration of catalytically active inorganic matter, particularly po-
tassium, present in the TRH was the dominant factor influencing the
difference in combustion reactivities of the two rice husks.
The trends in the reactivities of the chars in the CO2 gasification
tests at 1173 K were different to those observed for the combustion tests
at 773 K. The reactivity profiles as a function of conversion were also
different exhibiting an initial surge in reactivity coinciding with the
entry of CO2 which rapidly decayed to a much lower stable value. This
type of reaction profile is characteristic of CO2-char gasification ex-
periments and is associated with the consumption of organic material at
highly active sites within the char matrix [56].
The TIR char was the most reactive char in the CO2 gasification
experiments, with the fast initial reactivity persisting for close to the
entire conversion range. The fast and persistent reaction rate is likely
due to (i) the improved catalytic activity of certain inorganic con-
stituents (particularly the alkaline earth metals) at the higher tem-
perature; (ii) an improvement in the accessible active surface area due
to pore widening and the opening up of previously dead pores as a
result of the additional thermal decomposition and pyrolysis at the
higher temperatures; and (iii) the high ratio of ash/organic material of
the TIR char. During the pre-heating step, the char lost 70 wt% of its
organic content such that prior to the CO2 gasification reaction step, the
organic content of the TIR char was 14 wt% compared with 97 wt%,
54 wt% and 46 wt% for the BW, BRH and TRH chars respectively. As a
consequence, it is likely that the organic content of the TIR char existed
as a disperse, highly active phase on a catalytically-active inorganic ash
matrix.
Interestingly, the rice husk chars exhibited significantly lower initial
and residual reactivities compared with the BW and TIR chars. The low
reactivity is most likely due to increased deactivation and loss of the
catalytically active pottassium and sodium containing ash species
during heating to 1173 K.
At temperatures of 973–1123 K, potassium in the form of KCl and
KOH is lost from the char through vaporisation and at
temperatures> 1123 K, K2CO3 will decompose [59,72]. K2CO3 de-
composition will either result in the loss of potassium through the
formation of KOH or alternatively the potassium can react with silica to
form a deactivated potassium silicate phase. Potassium silicate eutectic
melts can form at temperatures as low as 773 K in the presence of Na2O
[73] and is the possible explanation for the appearance of the molten
ash coating on the surface of the rice husk chars in the SEM images
(Fig. 7). The formation of potassium and other alkali metal silicate
phases is exacerbated at high temperatures and in chars containing high
concentrations of silica. In addition to deactivating the alkali metal
towards char gasification, alkali silicate melts can form an impermeable
coating that blocks access to small pores and activated surface sites of
the char further impeding char gasification [56,74,75]. A low ash fu-
sion temperature may also lead to other process problems including bed
agglomeration and defluidisation in fluidised bed reactors and corro-
sion due to the acidic nature of the alkali silicates. As a consequence,
the potassium concentration of a char becomes less important for ga-
sification reactions at high temperatures; and when present in combi-
nation with large amounts of silica, can cause significant inhibition of
the char gasification reactivity.
The BW char exhibited the second highest reactivity. The reason-
ably high reactivity is likely a result of the propensity of the BW char to
form macropores and its high concentration of calcium and magnesium
compared to the rice husk chars. There is also a clear trend between the
combined Ca and Mg content of the chars and the CO2 gasification
reactivities demonstrated by the chars (Fig. 10). Ca and Mg are less
susceptible to silicate formation, such that their concentration becomes
more important towards char gasification reactivities at the higher
temperatures. The lower reactivity compared with the TIR char was
likely due to the much lower ratio of organic to ash ratio and lower
concentration of alkaline earth metals.
Considering the potential of the different biomass feedstocks as fuels
for a gasification process, the results indicate that beech wood would be
the most suitable gasifier feed of the four biomass varieties tested in this
Fig. 10. CO2 gasification reactivity of the chars generated in the single stage pyrolysis of
the different biomass feeds as a function of the char indigenous Ca and Mg concentration.
Experimental Parameters: 1st stage: Feed = Variable (1.000 g, 106–150 μm), carrier
gas = He, superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating
rate= 1 K s−1, hold temperature= 773 K, hold time = 900 s. Maximum initial rate:
BW, BRH, TRH, TIR; Rate at X = 0.5 (solid fill).
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study. It produced the largest amount of volatiles containing the highest
proportions of the combustible gases (CO and CH4). It also produces the
least amount of char, which demonstrated a reasonably high reactivity
with both air and CO2. The large amount of tars initially released by the
beech wood during pyrolysis would be largely cracked and reformed in
subsequent high temperature gasification and combustion reactions
although biomass varieties that release larger amounts of tars during
pyrolysis tend to produce gases with a higher tar content when gasified.
Pyrolysis of the two rice husks released similar quantities of vola-
tiles to the beech wood and less tars, however they both had high ash
contents and produced chars with low reactivities. If our hypotheses are
correct and it is the formation of an ash coating on the surface of the
chars inhibiting the reactivity of the chars at the higher temperatures,
then it would suggest a gasifier design based on a fluidised-bed reactor
would be the optimal system for processing these feedstocks. The
abrasive nature of a fluidised bed would act to atrit away the surface of
the char exposing new surfaces that could undergo reactions thus en-
hancing the observed reactivity. However, the low fusion temperature
of the ash may cause issues relating to defluidisation of the bed mate-
rial. Despite the apparent poor performance of these materials, ex-
ploitation of this potential energy source is attractive as rice husk is a
waste product produced in substantial quantities.
The textile industry residue initially appeared to be the least feasible
fuel for gasification. It released the least amount of volatiles and pro-
duced the largest amount of char. The char also exhibited the lowest
reactivity at 773 K with air. The high sulfur and chlorine contents of
3.99 and 1.65 wt% respectively may further deter the use of this ma-
terial as a fuel for gasification. However, issues associated with sulfur
and chlorine emissions could be abated through blending with other
low sulfur and chlorine containing gasifiable waste streams or in-
stallation of downstream gas conditioning measures. Furthermore, at
1173 K, the reactivity of the textile industry residue char with CO2 was
significantly higher than any of the other biomass varieties tested in this
study. This shows that higher temperatures are necessary for optimal
gasification of this feedstock. The high ash content also indicates that a
fluidised bed reactor may be most suitable for processing this material
particularly if using a larger particle size. Whilst still not the most at-
tractive of feedstocks on account of its low gasifiable organic content,
gasification may provide the most efficient method of extracting the
energy from this waste feedstock into a convenient fuel gas. This gas
(along with the useful heat produced in the gasification process) could
then be used to supplement on-site fuel; heat and power use, whilst
reducing the size of the waste stream and associated costs of disposal.
3.3. 2-Stage fixed-bed pyrolysis results
3.3.1. Effect of elevated 2nd stage temperature of the tar-cracking product
distribution
Two-stage experiments in which the 2nd reactor stage was operated
empty at each of the different temperatures was carried out to in-
vestigate the effect of elevated temperatures and possible catalytic tar
cracking mechanisms on the surface of the Incoloy 800 HT reactor walls
[76]. The results from this set of experiments served as a baseline by
which to assess the effect of additional cracking mechanisms on the tar
and volatile yields caused by the introduction of extra inert surface area
(section 3.3.2) and calcined dolomite and limestone (section 3.3.3) into
the 2nd stage of the reactor.
Tar yields from beech wood pyrolysis in the two-stage reactor were
significantly lower than beech wood pyrolysis in the single stage reactor
(Fig. 11). When the 2nd stage was operated at 973 K the amount of tar
exiting the reactor was reduced to 26% of the amount exiting the single
stage reactor. Further reductions in the tar yield were achieved by in-
creasing the temperature of the 2nd stage up to 1173 K where 97% of
the tar was eliminated (Fig. 11).
SEC analysis of the tars exposed to the elevated temperatures of
973 K revealed that the lower molecular mass tar constituents were
more susceptible to thermal cracking and possible catalytic cracking on
the walls of the Incoloy reactor tube than the higher molecular mass
fraction as evidenced by the more intense excluded peak and less in-
tense retained peak compared with the SEC chromatogram of the pri-
mary pyrolysis tars generated in the single stage reactor (Fig. 12). The
maxima of the peaks for both fractions of the tars generated in the 2-
stage reactor at 973 K occurred at shorter elution times indicating an
increase in the average molecular mass of both tar fractions compared
with the tar generated in the single stage reactor.
The intensity of the excluded peak in the chromatogram of the tars
generated at 1073 K decreased back to a similar level to the excluded
peak in the chromatogram for the single stage tars, whilst the retained
peak became broader and more intense than the equivalent peak in the
973 K tars. The larger width of the retained peak was due to the de-
velopment of a shoulder that eluted at a similar time to the peak of the
retained peak of the 1173 K tars. The elution time of the retained peak
was also slightly longer than the equivalent peak in the chromatogram
of the 973 K. Increasing the temperature of the 2nd stage to 1173 K
caused a further shift in the elution time of the retained peak in the
direction of the shoulder of the retained peak in the chromatogram of
the 1073 K tars. The retained peak was also more intense and narrower
than the equivalent peak in the chromatogram of the 1073 K tars.
These findings indicate that exposing the tars to elevated tempera-
tures of 973–1173 K enhanced the cracking of the larger, high mole-
cular weight tars (as characterised by the excluded peak) into smaller,
lighter tar compounds. Increasing the temperature of the 2nd stage also
appeared to enhance the cracking of the less thermally stable heavier
tars in the lower molecular mass fraction such that the average mole-
cular mass (estimated from the elution time of the retained peak) de-
creased from 520 u to 400 u and 220 u for 2nd stage temperatures of
973 K, 1073 K and 1173 K respectively. This is also supported by the
fact that as the 2nd stage temperature was increased from 1073 K to
1173 K, the retained peak became narrower and more intense corre-
sponding to a decrease in the variety of tar species that have a high
enough thermal stability to resist decomposition at 1173 K.
The concentrations of CH4, CO and CO2 were also measured in the
reactor effluent gas (Fig. 13). CO production increased substantially
from 2.9 wt% to 15.5 wt% in the 2-stage reactor at 973 K. Increasing
the temperature of 2nd stage to 1073 K and 1173 K resulted in further
increases in the amount of CO detected. At a 2nd stage temperature of
1173 K, 22.8 wt% of the initial beech wood feed was converted to CO.
The trend in CH4 production was similar to the trend observed for CO,
Fig. 11. Tar recovered as a function of 2nd stage temperature. Experimental
Parameters: 1st stage: Feed = Beech wood (1.000 g, 106–150 μm), carrier gas = He,
superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating rate = 1 K s−1,
hold temperature = 773 K, hold time = 900 s. 2nd stage: Bed = N/A, superficial
velocity = 0.25 m s−1, inlet pressure = 2.1 bara, temperature = variable.
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however the amount of CH4 released was much lower.
The total amount of CO2 produced in the 2-stage reactor at 973 K
was similar to the amount released from beech wood pyrolysis in the
single stage reactor. A small increase in CO2 production was detected
when the temperature of the 2nd stage was increased from 973 K to
1073 K; however increasing the temperature to 1173 K had no further
effect. This suggests that most of the detected CO2 was produced during
pyrolysis and that thermal and catalytic wall tar cracking at elevated
temperatures favours the production of the combustible gases CO and
CH4.
3.3.2. The influence of inert surface area on the tar-cracking product
distribution
Silica sand beds of varying length (20–40 mm) were introduced into
the 2nd reactor stage to investigate the influence of non-reactive sur-
face area on the volatile product distribution of beech wood pyrolysis at
973 K. Sand is inert and has a high thermal capacity; therefore the
surface area of the sand remains consistent at high temperatures and
does not chemically interact with the pyrolysis products generated in
the 1st stage such that only the effect of bed length (i.e. extra inert
surface area) on the product distribution was observed. Measurements
of the 2nd reactor stage temperature profile revealed that it was
parabolic in shape. The central 40 mm section of the 2nd reactor stage
was relatively stable (± 12 K at 1173 K). Thus bed lengths were limited
to 40 mm to ensure that investigations into bed length and additional
inert surface area was conducted under isothermal conditions.
Increasing the inert surface area within the 2nd stage at 973 K did
not influence the pyrolysis product distribution further (Table 7). This
was also the case when 20 mm sand beds were inserted into the 2nd
stage at 1073 K and 1173 K (Fig. 14a) indicating that unstable tar
species at the investigated 2nd stage temperatures broke down quickly
such that the residence time of the tar species in the empty 2nd stage
was sufficient for the thermal and catalytic wall tar cracking reactions
to proceed to completion.
3.3.3. The influence of the addition of calcined limestone and dolomite to
the 2nd stage sand beds on the tar-cracking product distribution
The presence of both the 20% LS and 20% Dol beds in the 2nd stage
caused further reductions in the amounts of tar exiting the reactor
(Fig. 14a). The effects were most pronounced at 973 K and 1073 K
although this was most likely because 97% of the pyrolysis tars were
cracked thermally and on the walls of the reactor at 1173 K. The pre-
sence of the 20% LS bed, reduced the tar yield by 25%, 43% and 20%
compared to when the reactor was operated with an empty 2nd stage at
973 K, 1073 K and 1173 K respectively. The 20% Dol bed was slightly
more effective and caused reductions in the tar yields of 35%, 47% and
40% at 973 K, 1073 K and 1173 K respectively. Increasing the dolomite
loading in the bed from 20 wt% to 40 wt% had no further effect
(Fig. 14b).
There is little difference between the SEC chromatograms of the tars
generated in the reactor packed with the different beds at 973 K
(Fig. 15a), indicting that the tar cracking activity of the calcined
limestone and dolomite at this temperature was indiscriminate.
Fig. 12. SEC chromatograms of tars recovered when the tem-
perature of the empty 2nd stage was varied. Experimental
Parameters: 1st stage: Feed = Beech wood (1.000 g,
106–150 μm), carrier gas = He, superficial velocity = 0.1 m
s−1, inlet pressure = 2.2 bara, heating rate = 1 K s−1, hold
temperature = 773 K, hold time = 900 s. 2nd stage:
Bed = N/A, superficial velocity = 0.25 m s−1, inlet pres-
sure = 2.1 bara, temperature = variable. 1st stage
only . 2nd stage temperature = 973 K , 1073 K
, 1173 K. .
Fig. 13. Gas production as a function of 2nd stage temperature. Experimental
Parameters: 1st stage: Feed = Beech wood (1.000 g, 106–150 μm), carrier gas = He,
superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating rate = 1 K s−1,
hold temperature = 773 K, hold time = 900 s. 2nd stage: Bed = N/A, superficial
velocity = 0.25 m s−1, inlet pressure = 2.1 bara, temperature = variable, CO;
CH4; CO2.
Table 7
The effect of different 2nd stage sand bed lengths on the product distribution of beech wood pyrolysis. Experimental Parameters: 1st stage: Feed= Beech wood (1.000 g, 106–150 μm),
carrier gas = He, superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating rate = 1 K s−1, hold temperature = 773 K, hold time = 900 s. 2nd stage: Bed = N/A,
superficial velocity = 0.25 m s−1, inlet pressure = 2.1 bara, temperature = variable.
2nd stage Bed Weight as percentage of initial biomass weight (1.000 g)
Tars Chars CH4 CO CO2 Unidentified
N/A 8.3 ± 0.4 20.7 ± 0.8 2.2 ± 0.4 15.5 ± 1.8 5.4 ± 0 47.9
20 mm sand 8.0 ± 0.6 21.5 ± 1.1 2.3 ± 0.1 16.5 ± 1.1 5.9 ± 0.7 45.8
30 mm sand 7.8 ± 0.4 21.1 ± 1.0 2.2 ± 0.1 15.1 ± 1.8 5.1 ± 0.4 48.7
40 mm sand 8.4 ± 0.2 21.1 ± 1.3 2.2 ± 0 16.9 ± 0.4 4.6 ± 1.1 46.8
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However there were differences in the chromatograms of the tars
generated in the presence of the different beds at 1073 K and 1173 K.
At 1073 K, the excluded peaks in the chromatogram of tars gener-
ated in the presence of the 20% LS and 20% Dol beds were more intense
whilst the retained peaks were less intense than the corresponding
peaks in the chromatograms of the tars generated in the absence of the
catalytic beds (Fig. 15b). This indicates that the presence of calcined
limestone and dolomite at 1073 K enhanced the cracking of the lower
molecular weight fraction of the tar. Furthermore the retained peak in
the chromatogram of the tar generated in the presence of the 20% LS
bed had two maxima corresponding to tar species with average mole-
cular masses of 240 u and 400 u. The retention times of these two peaks
are both greater than the elution times of the retained peaks in the
chromatograms of the tars generated in the presence of the sand bed,
the 20% Dol bed and no 2nd stage bed which all elute at the same time
and corresponds to an average molecular mass of 410 u. These
Fig. 14. Tar recovered as (a) a function of 2nd stage bed type and (b) as a function of dolomite loading (0–40 wt%) in the central 10 mm section of a 20 mm 2nd stage sand bed at 973 K.
Experimental Parameters: 1st stage: Feed = Beech wood (1.000 g, 106–150 μm), carrier gas = He, superficial velocity = 0.1 m s−1, inlet pressure = 2.2 bara, heating rate = 1 K
s−1, hold temperature = 773 K, hold time = 900 s. 2nd stage: Bed = N/A, superficial velocity = 0.25 m s−1, inlet pressure = 2.1 bara, temperature = 973 K, 1073 K,
1173 K.
Fig. 15. SEC chromatograms of tars recovered
with various beds in the 2nd stage at (a) 973 K,
(b) 1073 K, (c) 1173 K. Experimental
Parameters: 1st stage: Feed = Beech wood
(1.000 g, 106–150 μm), carrier gas = He, inlet
pressure = 2.2 bara, superficial velo-
city = 0.1 m s−1, heating rate = 1 K s−1, hold
temperature= 773 K, hold time= 1173 K; 2nd
stage: inlet pressure = 2.1 bara, superficial
velocity = 0.25 m s−1, temperature = vari-
able, bed type: N/A ; 20 mm sand
bed ; 20% LS bed ; 20% Dol
bed. .
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observations indicate that the presence of calcined limestone at 1073 K
enhanced the cracking of the heavier tar species in the lower molecular
weight tar fraction which differed from the catalytic activity of the
calcined dolomite at this temperature.
SEC analysis of the tars exposed to the different 2nd stage beds at
1173 K also revealed some differences despite there being only very
small differences in the tar yields (Fig. 15c). An additional small peak in
the chromatograms of the tars exposed to the different beds appeared at
elution times of 18–19 min corresponding to the elution of a tar com-
ponent with an average molecular mass of 1010–1360 u. There were
also some differences in the elution times, intensities and ratio of peak
areas suggesting that the addition of the different beds had some in-
fluence on the tar cracking reaction pathway despite the fact that in-
troducing the beds had little effect on overall tar yield at 1173 K.
The findings from the gas analysis also suggest there may be subtle
differences in the tar cracking activities of calcined limestone and do-
lomite. Although the addition of the different beds did not affect CO
and CH4 production (Fig. 16a and b), CO2 production was significantly
enhanced by the addition of the 20% LS and 20% Dol beds (Fig. 16c).
The presence of the 20% LS bed increased CO2 production by 26%, 38%
and 73%, whilst dolomite enhanced CO2 production by 56%, 78% and
74% at 973 K, 1073 K and 1173 K respectively. CO2 production in the
presence of the 20% LS bed increased with increasing temperature, but
decreased in the case of the 20% Dol bed when the temperature was
increased from 1073 K to 1173 K. Since both the dolomite and lime-
stone were completely calcined before the pyrolysis experiments were
started, the increased production of CO2 must be a consequence of
enhanced tar cracking and possible water-gas shift catalytic activity by
the calcined limestone and dolomite in the beds.
The results from the TGA analysis for determining the extent of coke
formation on the retrieved limestone and dolomite particles showed
that increasing the temperature of the 2nd stage reduced carbon de-
position (Table 8). At the temperatures investigated in this work
(973–1173 K), coke formation is predominantly caused by decom-
position of tars on the surface of the calcined limestone or dolomite
particles [77]. The decrease in coke formation with increasing 2nd
stage temperature was most likely due to the reduced exposure of the
bed material to the tar since more tar would have been cracked before it
reached the section of the reactor containing the catalyst beds. Fur-
thermore, the TGA results indicate that whilst limestone was more
susceptible to coking than dolomite at 973 K, the reverse was true at
1173 K.
BET analysis revealed that the surface area of the calcined dolomite
was significantly larger than the calcined limestone at all the in-
vestigated temperatures (Table 9). The larger reactive surface area of
the dolomite may explain the higher tar cracking activity of the 20%
Dol bed compared to the 20% LS bed. Increasing the temperature en-
hanced particle sintering which resulted in the observed loss of surface
area and corresponding increase in the average pore size diameter for
both the limestone and dolomite particles. Increasing the temperature
of the 2nd stage also caused the particles to fracture and fragment
(Fig. 17). Fragmentation of the dolomite particle was more severe than
the limestone particle.
In summary, both calcined dolomite and limestone were shown to
Fig. 16. (a) CO, (b) CH4 and (c) CO2 yields after exposure to the different 2nd stage beds.
Experimental Parameters: 1st stage: Feed = beech wood (1.000 g, 106–150 μm),
carrier gas = He, inlet pressure = 2.2 bara, superficial velocity = 0.1 m s−1, heating
rate = 1 K s−1, hold temperature = 773 K, hold time = 900 s. 2nd Stage: inlet
pressure = 2.1 bara, superficial velocity = 0.25 m s−1, bed = Variable, tempera-
ture = 973 K, 1073 K, 1173 K.
Table 8
Summary of the levels of coking as a percentage of the fully calcined limestone and do-
lomite particles retrieved from the 20% LS and 20% Dol beds. Experimental Parameters:
1st stage: Feed = beech wood (1.000 g, 106–150 μm), carrier gas = He, inlet pres-
sure = 2.2 bara, superficial velocity = 0.1 m s−1, heating rate = 1 K s−1, hold
temperature = 773 K, hold time = 900 s. 2nd Stage: inlet pressure = 2.1 bara, su-
perficial velocity = 0.25 m s−1, bed = Variable, temperature = variable.
2nd Stage Temperature 973 K 1073 K 1173 K
Coking as % of calcined sample weight Limestone 10% 3% 0%
Dolomite 6% 3% 2%
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be effective tar cracking catalysts, however additional measures such as
the inclusion of steam or small amounts of O2 into the gasifier blast
gases may be necessary to inhibit coke formation. Alternatively, a
periodic regeneration step could be implemented to remove coke build
up on the surface of the catalyst and restore the catalytic activity of the
material. The propensity of both materials to fragment may also present
problems, particularly if employed as a primary catalyst in a fluidised
bed gasification environment.
The friability and tendency of these materials to coke may be less
problematic for applications as a primary tar cracking catalyst in a
dowdraft gasification process where the fluidisability of the material is
less important. Such materials could be employed as a single pass cat-
alyst or recycled for multiple passes if the reactor was operated below
the slagging (ash-fusion) temperature. There would be no need to se-
parate the catalyst from the ash collected below the grate as the addi-
tional mineral content would likely act to enhance the tar cracking
activity of the catalyst. The addition of MgO and CaO may provide
further benefits in inhibiting the formation of low melting point eu-
tectic salts thereby increasing the temperature range at which the ga-
sifier could be operated under non-slagging conditions. The spent cat-
alyst and ash stream produced from a gasifier fed with agricultural
residues could be applied to the fields to aid with mineral content re-
plenishment. Furthermore, MgO and CaO are widely used in
agricultural applications as soil additives, fertiliser components, pesti-
cides and contaminated land remediation [78–81].
The findings of this study indicate that both calcined limestone and
dolomite are promising materials for in-bed, primary tar cracking cat-
alyst in downdraft gasification applications. Alternatively these mate-
rials could be employed as secondary catalysts in a fixed bed guard
column downstream of the gasifier where the mechanical stress ex-
perienced by the particles could be limited.
4. Summary and conclusions
Four different types of biomass or wastes were pyrolysed in a lab-
scale fixed-bed reactor at 773 K. The distribution and nature of the
pyrolysis products were determined and analysed. The different bio-
mass varieties were then assessed for applications as fuels for biomass
gasification. The product distributions of the three more conventional
lignocellulosic biomass varieties produced similar product distributions
in terms of their total volatile and char yields although the Thai rice
husk produced 40 wt% less tar and more gas than the Brazilian variant.
The difference in tar yields was attributed to the higher concentration
of potassium present in the Thai rice husk compared with the Brazilian
variant and the beech wood. The product distributions and nature of the
tars produced from the pyrolysis of beech wood and the Brazilian rice
husk appeared to be very similar despite the differences in the O/C
ratios, ash content (particularly the inert ash component content),
surface area and porosity of the resultant char, indicating that these
factors have less influence on biomass pyrolysis behaviour than the
concentration of certain catalytically active ash constituents such as
potassium.
Pyrolysis of the textile industry solid residue produced the most
char and the least amount of volatiles which was attributed to its high
ash content and small pores. Small pores impede the release of volatiles
from the char matrix while the high ash content provides a larger,
potentially catalytically active surface on which secondary tar poly-
merisation and char forming reactions can take place. Pyrolysis of the
textile industry residue produced a tar comprised of lower molecular
sized components compared with the other tars. It is possible that the
smaller pores of the TIR acted to enhance tar cracking, directing the
Table 9
BET surface areas and BJH average pore diameters for the limestone and dolomite par-
ticles retrieved from the 20% LS and 20% Dol beds. Experimental Parameters: 1st stage:
Feed = beech wood (1.000 g, 106–150 μm), carrier gas = He, inlet pressure = 2.2
bara, superficial velocity = 0.1 m s−1, heating rate = 1 K s−1, hold
temperature = 773 K, hold time = 900 s. 2nd Stage: inlet pressure = 2.1 bara, su-
perficial velocity = 0.25 m s−1, bed = Variable, temperature = variable.
2nd Stage Temperature 973 K 1073 K 1173 K
Limestone BET Surface Area [m2 g−1] 11.59 8.82 4.78
Limestone BJH Average Pore Diameter (1.7–300 nm)
[nm]
16.01 20.94 34.68
Dolomite BET Surface Area [m2 g−1] 23.45 18.62 11.86
Dolomite BJH Average Pore Diameter (1.7–300 nm)
[nm]
12.68 13.33 23.27
Fig. 17. SEM images of the limestone (a–c) and dolomite particles (d–f) retrieved from the 2nd stage beds after pyrolysis experiments at 973 K (a,d); 1073 K (b,d) and 1173 K (c,f).
Experimental Parameters: 1st stage: feed = beech wood (1.000 g, 106–150 μm), carrier gas = He, inlet pressure = 2.2 bara, superficial velocity = 0.1 m s−1, heating rate = 1 K
s−1, hold temperature = 973 K, hold time = 900 s. 2nd stage: inlet pressure = 2.1 bara, superficial velocity 0.25 m s−1, bed type = variable, temperature = variable.
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formation of lower molecular weight tar components. However, the
differences observed in the product distribution and nature of the TIR
pyrolysis products may have also been a result of compositional dif-
ferences between the TIR and the more conventional lignocellulosic
biomass varieties and related differences in the thermochemical
breakdown pathways.
The resultant pyrolysis chars were further analysed to assess their
relative reactivities in air at 773 K and CO2 at 1173 K. The BW and TRH
chars which had the lowest BET surface areas and largest average pore
size in the macroporous region, demonstrated the highest reactivity in
the air reactivity tests. These findings agree with previous studies that
found char oxidation occurs predominantly through the growth and
extension of the macroporous network due to their favourable mass
transfer characteristics and higher concentration of active sites on the
pore surfaces. The high concentration of potassium was also likely to
have influenced the high oxidative reactivity of the TRH char compared
with the BRH char.
The trends in the gasification reactivity of the char samples when
reacted with CO2 at 1173 K were different. The reactivity of the chars
appeared to correlate well with the concentration of Ca and Mg present
in the char. Macroporosity and a high ratio of ash to organic content is
also likely to have led to enhanced CO2 gasification reactivity. The
chars containing high levels of silica in combination with alkali metals
(i.e. the chars derived from the two rice husk samples) demonstrated
significantly lower reactivities which were attributed to the formation
of molten alkali silicate phases that were likely to have deactivated the
catalytic effect of the alkali metal and blocked access to the pores re-
ducing the available reactive surface area.
In the second section of this work, the fixed-bed reactor in its two-
stage configuration was utilised to investigate the effect of temperature,
surface area and presence of potential catalytically active materials on
the pyrolysis product distribution of a beech wood biomass fuel.
Subjecting the tars to higher temperatures caused a significant reduc-
tion in the amount of tars collected. 97% of the primary tars released in
the first stage pyrolysis were cracked in the 2nd stage at 1173 K. Tar
cracking favoured the production of CO with yields of 22.2 wt% mea-
sured at 1173 K. Increasing the surface area in the 2nd stage by in-
serting sand beds had no additional effect on the product distribution.
The presence of sand beds containing calcined limestone or dolo-
mite in the 2nd stage of the reactor further enhanced tar cracking. The
effects were most pronounced at 973 K and 1073 K where the presence
of the bed containing calcined limestone reduced tars by 25% and 43%
compared with the equivalent tar yields from the reactor with an empty
2nd stage. The addition of calcined dolomite to the sand beds was
slightly more effective than the addition of calcined limestone and re-
duced the tar yield by 35% and 47% at 973 K and 1073 K respectively.
At 1173 K, 98% of the primary pyrolysis tar was eliminated after ex-
posure to the bed containing calcined dolomite. The slightly greater
reactivity of dolomite was attributed to its higher surface area. In
summary, both calcined dolomite and limestone demonstrated sig-
nificant promise for applications as in-bed primary tar cracking cata-
lysts for downdraft gasification applications.
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